Mixtures of saturated and unsaturated 1-methoxyalkanes (alkyl methyl ethers, representing more than 45.4% of the millipede hexane extracts) were newly identified from the Thai polydesmid millipede, Orthomorpha communis, in addition to well-known polydesmid defense allomones (benzaldehyde, benzoyl cyanide, benzoic acid, mandelonitrile, and mandelonitrile benzoate) and phenolics (phenol, o-and p-cresol, 2-methoxyphenol, 2-methoxy-5-methylphenol and 3-methoxy-4-methylphenol). The major compound was 1-methoxy-n-hexadecane (32.9%), and the mixture might function as "raincoat compounds" for the species to keep off water penetration and also to prevent desiccation.
Using gas chromatography coupled with mass spectrometry (GC/MS) analysis of the species, we happened to detect a series of saturated and unsaturated wax-like components, other than the conventional mixtures derived from mandelonitrile. These wax-like components have not been reported in other millipedes, and our hypothesis is that they have a function similar to the "raincoat" found in the oribatid mite, Liacarus subterraneus (Acari: Oribatida). This mite secretes di-glycerides via an esterification reaction between fatty acids and glycerin 5 . As a result, the chemical structures of these saturated and unsaturated wax-like components was investigated. Fig. 2 , the GC-profile showed a total of 31 peaks (=compounds) including non-resolved components [2-methoxyphenol (5) and benzoyl cyanide (6) , as mentioned later].
Results

GC/MS analyses of the Thai millipede. As shown in
Mass spectra of all peaks are summarized in Table 1 , including identified results by co-chromatography with authentic compounds and (or) elucidated structures, as mentioned later.
A total of 20 peaks (11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 27, 28, 29, 30 , and 31, 45.4%) were newly detected in the present species and represented the first discovery of the hereafter named "waxy compounds" among Polydesmida. Their structures were later elucidated as 1-methoxyalkanes by (1) column chromatography (SiO 2 ) behavior, (2) NMR analysis, and (3) GC-mass spectra (the presence of M + or M + -32, and m/z 45), using 1-methoxyalkanes prepared from palm oil as an authentic compound.
Chromatographic behavior of waxy compounds on SiO 2 column. When the hexane extracts from seven adult millipedes were separated by silica gel column (300 mg, 0.5φ × 2.1 cm) chromatography, most of the waxy compounds were recovered in the fraction (3 ml) eluted with the 1% Et 2 O in hexane, indicating their non-polar nature (less polar than esters). Methyl ether mixtures prepared from palm oil were also recovered in the same 1% Et 2 O in hexane fractions, as mentioned above. Peak 1 was eluted by 2% Et 2 O in hexane (3 ml) with the remaining waxy compounds. As shown in Fig. 3, peaks 11, 18 , 27, 28, and 30 derived from the palm oil were identical to those derived from millipedes using GC t R s and mass spectra (mentioned below). the same as the spectra for the 1-methoxyalkanes found in palm oil, except for a difference in the integral on long chain methylenes. The following chemical shifts were observed for millipedes; ω-methyl (3H, t, J = 6.6 Hz at δ 0.88 ppm), long chain methylenes (26H, m at δ 1.52-1.60 ppm), -CH 2 -CH 2 -O-(2H, m, at δ 1.52-1.60 ppm), CH 3 -O-(3H, s, at δ 3.33 ppm), and -CH 2 -CH 2 -O (2H, t, J = 6.6 Hz at δ 3.36 ppm), thus, identifying the structure as 1-methoxy-hexadecane. As a result, waxy components from millipede were shown to be a mixture of saturated and unsaturated 1-methoxyalkanes.
GC/MS analysis of standard 1-methoxyalkanes prepared from palm oil. Peaks 11, 18, 27, 28,  and 30 in the preparation from the palm oil showed the same GC-retention times and mass spectra to those from millipedes (this corresponded to 84.4% of the waxy composition in the millipede). Among them, significant results (more than 90% identities) of library search results were available for peaks 11 (90%), 18 (91%) and 28 (99%). As a result, structures of peaks 11, 18, and 28 were identified as 1-methoxy-n-tetradecane (11), 1-methoxy-n-hexadecane (18) and 1-methoxy-Z-9-octadecene (28), respectively (Fig. 4) . Based on the above results, the other two peaks 27 and 30 were thought to be similar to the 1-methoxyalkanes originated from the fatty acid compositions of the palm oil, and described as 1-methoxy-Z,Z-9,12-octadecadiene (27) and 1-methoxy-n-octadecane (30) by mass spectra analysis ( + -32(MeOH) ions observed at m/z 210 and 238. Therefore, peak 13 was described as 1-methoxy-n-pentadecane (13) and peak 25 as 1-methoxy-n-heptadecane (25) (Table 1, Fig. 4 ).
Peaks 12, 14, 20, 21, and 22 indicated M + -32 (MeOH) ions at m/z 210, m/z 224, m/z 238, m/z 238, and m/z 238 as the largest fragments, respectively, and these were thought to be 1-methoxy-methyl-branched (substituted) alkanes. Differences on Kovat's retention indexes (∆KI between 1-methoxy-n-alkane and 1-methoxy-methyl substituted alkane = increment of additional methyl residue) were calculated as follows; KI of peak 12 (1775) was that of peak 11 (1716) + ∆KI 59, likewise ∆KI 56 for peak 14, ∆KI 33 for peak 20, ∆KI 49 for peak 21 and ∆KI 56 for peak 22. If we assume peak 12 and peak 14 are 1-methoxy-13-methyltetradecane (12, iso-C 15 ether, ∆KI 59) and 1-methoxy-14-methylpentadecane (14, iso-C 16 ) ion (18%), indicative of a removable ethyl residue (ante-iso carbon chains) in the structure. As a whole, peaks 12, 14, and 21 should be proposed as 1-methoxy-iso-alkanes; 1-methoxy-13-methyltetradecane (12, iso-pentadecyl methyl ether), 1-methoxy-14-methylpentadecane (14, iso-hexadecyl methyl ether) and 1-methoxy-15-methylhexadecane (21, iso-heptadecyl methyl ether), respectively. Peak 22 was subsequently characterized as 1-methoxy-14-methylhexadecane (22, ante-iso-heptadecyl methyl ether). Peak 20 was supposed to be 1-methoxy-methyl-branched hexadecane (20, methyl-branched hexadecyl methyl ether), whose methyl position remained obscure. Stereo chemistry of each optically active carbon in 20 and 22 remained obscure.
Structure elucidation of 1-methoxy-alkenes (unsaturated methyl ethers) in the millipede. Based on calculated C=C double bond increment (∆KI = −20) for Z−9-ene (peak 28) to saturated (peak 30) of standards derived from palm oil, and likewise (∆KI = −25) for Z,Z-9,12-diene (peak 27), peak 16 (∆KI = −21) was characterized as 1-methoxy-Z-9-hexadecene (16, Z-9-hexadecenyl methyl ether), and peak 23 (∆KI = -19) was characterized as 1-methoxy-Z-9-heptadecene (23, Z-9-heptadecenyl methyl ether). Calculated KI for putative C 19 -OMe was 2143, then peak 31 (KI = 2124) corresponded to the difference of ∆KI = −19 and the structure of peak 31 was elucidated as 1-methoxy-Z-9-nonadecene (31, Z-9-nonadecenyl methyl ether). KI value of peak 19 (1928) indicated −20 to that of peak 21 (1946) , then the resulting ∆KI = −20 suggested the structure of peak 19 as 1-methoxy-15-methyl-Z-9-hexadecene (19, Z-9-iso-heptadecenyl methyl ether). Although peak 15 looked like 1-methoxy-hexadecene (15) by GC/MS, its ∆KI = −25 were larger than Z-9-mono-ene (∆KI = −19 ~ −20), and its C=C bond position remained obscure. Peaks 17, 24, and 29 had almost the same mass spectra as peaks 16, 23 , and 28 with ∆KI = −14, −13, and −16 corresponding saturated compounds. Those were proposed as being E-isomers, and tentatively elucidated as 1-methoxy-E-9-hexadecene (17, E-9-hexadecenyl methyl ether), 1-methoxy-E-9-heptadecene (24, E-9-heptadecenyl methyl ether), and 1-methoxy-E-9-octadecene (29, E-9-octadecenyl methyl ether). All structures of compounds from O. communis, identified, elucidated, or characterized, are presented in Fig. 4 .
Structure elucidation of conventional millipede components.
Another five peaks (1, 6, 7, 10, and 26, a total of 50.0%) were conventional polydesmid compounds and identified each as benzaldehyde (1), benzoyl cyanide (6), benzoic acid (7), mandelonitrile (10) and mandelonitrile benzoate (26), using authentic compounds. The other five peaks (2, 3, 4, 5, and 8, in total 4.1%) were also found among Polydesmida and identified as phenol (2) , o-cresol (3), p-cresol (4), 2-methoxyphenol (5) and 2-methoxy-5-methylphenol (8), using authentic compounds. Peak 9 (0.5%) was elucidated as 3-methoxy-4-methylphenol (9) by comparison with MS database (Table 1) .
Discussion
The present polydesmid millipede has recently revealed the possession of a large amount of waxy compounds (mentioned later) in addition to the conventional chemical defense systems represented by five polydesmid compounds{1, 6, 7, 10, and 26, produced by two enzymes; hydroxynitrile lyase (HNL) 11 and mandelonitrile oxidase (MOX) 12 from 10 as the common substrate with subsequent chemical and biochemical reactions} and of six phenolic compounds (2, 3, 5, 8, and 9) . Then the species corresponds to one of HCN and H 2 O 2 emitter 13 . The structures of waxy compounds were elucidated and identified as saturated, unsaturated or methyl branched 1-methoxyalkanes (more than 45.4% of total hexane extracts) by NMR and GC/MS spectra. Most of components (86.6% of total ethers) were identified by co-chromatography with authentic compounds prepared from the palm oil, as follows; 11 (0.7%), 16 (2.2%), 18 (72.5%), 23 (0.7%), 27 (2.6%), 28 (7.0%), and 30 (0.9%). Structures of the other ethers (11.6% of total methyl ethers; 12, 13, 14, 17, 19, 21, 22, 24, 25, 29, and 31) were elucidated by calculation using Kovat's retention index as summarized in Table 1 . The position of a double bond in 15 (1.1%) and that of methyl residue in 20 (0.9%) remained obscure. Alkyl moieties of methyl ethers are mostly identical to those of long chain fatty acids, and presumably have those fatty acids as a precursor. At present, there are no other polydesmid millipedes known to possess those waxy compounds, such as hydrocarbons and fatty acid esters, nor other related presumably functioning as "raincoat compounds".
As far as our data searches are concerned, no other millipedes including Polydesmida or other animals have been reported to produce 1-methoxyalkanes (methyl alkyl ethers) 8, 9 , except for the spider Nephila clavipes [Arachnida: Araneae] 18 . The major components of the spider silk extracted by pentane or methylene chloride consist of a complex mixture of methyl-branched 1-methoxyalkanes [total 51 compounds, all of those contained up to four methyl groups in each carbon chain (chain length between C 28 and C 34 )], together with small amounts of hydrocarbons and alcohols 18 . As a group of waxy components, fatty acid esters have been distributed in several species of millipedes belonging to Julida, other than methyl-and methoxy-substituted benzoquinones 8, 9 . A mixture of hexadecyl acetate, Δ9-hexadecenyl acetate and Δ9-octadecenyl acetate has been identified in Blaniulus guttulatus . A total of 15 esters, composed of fatty acids (C 9 -C 14 , including iso-and ante-iso-) and n-alcohols (C 4 -C 8 ) have been identified in Anaulaciulus sp. [Julida: Julidae] 22 . However, distribution of hydrocarbons, as waxy components or body surface compounds, has not been reported in millipedes. Two types of unwettability (raincoat effect) due to chemical compounds have been summarized in Liacaridae (Acari, Oribatida), other than physical and morphological "Lotus effect"; (1) a mixture of C 8 -C 10:2 acid, and their 1,2-and 1-3-di-glycerides, and (2) esters composed of C 15 and C 16 acids with C 14 -C 17 alcohols 23 .
In conclusion, 1-methoxyalkanes (a total of 20 compounds of methyl alkyl ethers, a class of compounds) were discovered as components of hexane extracts in the present species. It is only the second example of its presence in the animal kingdom, and it is presumably present on the body surface as a raincoat to keep off water penetration and also to prevent desiccation. The present discovery of unusual 1-methoxyalkanes in this polydesmid millipede might represent evidence of a chemical evolution of the species that adapts and thrives in heavy tropical rainfalls.
Further examples of similar species should be expected.
Materials and Methods
Millipedes. The adult species Orthomorpha communis Likhitrakarn, Golovatch & Panha, 2011 [Paradoxosomatidae: Polydesmida], often found individually embedded in soils after heavy rains, were manually collected in Banrai (6°54′38.3″N, 100°28′08.0″E), Hat Yai District, Songkhla Province (Southern Thailand), Thailand in December, 2015, and subsequently reared in the laboratory on leaf litters collected from the site under a natural photoperiod with high humidity (ca. 100% RH) at 20 °C. Sizes of adult were as follows; body length 15.0-27.5 mm, a width of midbody pro-and meta-zona 1.1-2.3 and 1.5-3.1 mm, respectively. Hexane extraction of millipedes. Five adult millipedes as a group and also one adult millipede (two times) were dipped into n-hexane (1 ml, separately) for three minutes, using appropriate glass vials (5 ml volume). Then, the resultant hexane extracts after separation from residual millipede bodies by decantation were each subjected to gas chromatography coupled with mass spectrometry (GC/MS) analyses.
Analytical methods. GC/MS spectra were obtained as reported 24 using Hewlett Packard HP 5975 C Inert XL EI/CI MSD with triple-Axis Detector at 75 eV coupled with a 7890 A GC-system equipped with an HP-5 column (30 m × φ 0.25 mm; 0.25 μm in film thickness) operated in the split-less mode at 60 °C for 2 min, then programmed to increase at 10 °C/min to 290 °C, and finally held at this temperature for 5 min. Helium was used as the carrier gas at a flow rate of 1.00 ml/min. GC and GC/MS data were processed using ChemStation (Hewlett Packard Co.), with reference to an MS database (Wiley 9 th /NIST 2011 MS Library; Hewlett Packard Co.). In the case of the non-resolved peaks (5 and 6), relative amounts were calculated by selected ion chromatography (SIC) using each base ion (m/z 105 and 109, respectively). Retention indices 25 were calculated under the same GC conditions mentioned above, as described in Bodner and Raspotnig 26 , and were used for structure elucidation. 1 H-NMR spectra (400 MHz, TMS at δ00.00 as internal standard) were recorded on a Bruker Biospin AC400M spectrometer.
Chemicals.
The following chemicals and solvents were obtained commercially and used as described in the text; two chemicals (1 and 2) from Wako Pure Chemical Industries, Japan, two chemicals (5 and 7) from Nacalai Tesque Inc., Japan, and five chemicals (3, 4, 6, 8, and 10 ) from Tokyo Chemical Industry Co., Japan. Compound 26 was prepared as reported previously 16 . Wako Gel C-200, hexane, diethylether (Wako Pure Chemical Industries, Ltd.), lithium aluminum hydride, methyl iodide, and metallic sodium (Junsei Chemical, Japan) were used without purification.
Preparation of standard 1-methoxyalkane mixtures from palm oil. A mixture of alcohols derived from the palm oil by reduction with lithium aluminum hydride were lead to the corresponding mixture of 1-methoxyalkanes using Williamson's ether synthesis (reaction between sodium alcoholate and methyl iodide). After addition of water to dissolve solids, the reaction products were extracted by hexane. The hexane extracts, without concentration, was poured on a silica gel column (Wako Gel C-200, 300 mg, 0.5φ × 2.1 cm in length) prepared without solvent, using a disposable glass pipette (1.5 ml, Iwaki). 1-Methoxyalkanes were obtained as an eluted fraction by 1% ether in hexane.
Separation of millipede components by a silica gel column. To the silica gel column (Wako C-200, 300 mg) similarly prepared as mentioned above, the hexane extracts (1 ml) from seven millipedes was subjected, and the column was successively eluted with hexane (3 ml), 1% Et 2 O/hexane (3 ml), 2% Et 2 O/hexane (3 ml), 5% Et 2 O/hexane (3 ml), 10% Et 2 O/hexane (3 ml), 50% Et 2 O/hexane (3 ml), and 100% Et 2 O (3 ml). All fractions were subjected to GC/MS analysis.
